Introduction
[2] River plumes play an important role in the transport and transformation of terrestrial materials in coastal margins [Dagg et al., 2004] . Along plume boundaries, mixing of dissolved riverine and oceanic components and coagulation and settling of particles create fronts, which are often zones of enhanced biological productivity and biogeochemical reactions [Lohrenz et al., 1990] . However, such processes are highly complex and not easy to grasp due to the dynamic and inhomogeneous nature of river plumes. Plumes from some major rivers may extend hundreds of kilometers into the open ocean [Muller-Karger et al., 1988] , and are commonly traced by offshore negative salinity and/or positive silica anomalies. However, the salinity signal can be altered by precipitation and evaporation, and the silica signal is sensitive to biological uptake. To circumvent these drawbacks, radium isotopes can be employed [Moore and Krest, 2004; Moore et al., 1986; Moore and Todd, 1993; Rutgers van der Loeff et al., 2003] . Unlike salinity and silica, the 228 Ra/ 226 Ra activity ratio (AR) only changes by decay of 228 Ra and mixing. Moreover, using short-lived radium isotopes ( 223 Ra and/or 224 Ra), the time scale of transport of a river plume and its mixing with the adjacent coastal water can be further constrained [Moore and Krest, 2004; Moore and Todd, 1993] . Thus, from a combined use of two or more Ra isotopes, it is possible to characterize better the dispersal of river water.
[3] There are four naturally occurring radium isotopes, that is, mixing and significantly decay during the lifetime of a plume while 226 Ra and 228 Ra change primarily by mixing with offshore water. Thus Ra isotopes can be used as tracers to study the advection and mixing of river plumes with ocean water after they leave the river/ocean mixing zone [Moore, 2000a [Moore, , 2000b Moore and Krest, 2004; Moore and Todd, 1993] .
[4] The Mekong River is one of the largest rivers in the world. It empties into the South China Sea (SCS) at ∼10°N and 107°E with a mean annual discharge of 470 km 3 [Dagg et al., 2004] . This freshwater discharge changes seasonally, being lowest in May and highest in October [Mekong River Commission (MRC), 2008] , and the plume flows southward in winter and northward in summer in response to the switch in direction of the monsoon winds [Hu et al., 2000] . In contrast with other extensively studied world major river plume systems, such as the Amazon, Changjiang and Mississippi River plumes [Chen et al., 2008; Dagg et al., 2004; Lohrenz et al., 1999; Smith and DeMaster, 1996] , little is known about the Mekong River plume. This is true both in terms of the plume variability and the associated biogeochemical processes. Previous study has shown that the Mekong River's influence on nitrogen fixation is confined to the upwelling region off Vietnam along a belt stretching ∼500 km from the river's mouth [Voss et al., 2006] . In this study, we used the distribution of three radium isotopes ( 223 Ra, 228 Ra, 226 Ra) to identify the signature of the Mekong River plume in the western SCS. To our knowledge, this is the first time that 223 Ra, 228 Ra, and 226 Ra were determined concurrently at a high spatial resolution in the western SCS. It enabled us to assess the time scale of the transport of the river plume and its mixing with the adjacent coastal and ocean waters.
Materials and Methods

Study Area
[5] The SCS is the largest marginal sea at low latitude in the world. The western SCS can be roughly divided into two parts: the continental shelf and the deep basin. The shelf is narrow and lies roughly west of 109°E. To the south of the western SCS is a region known as the Nansha Archipelago, where many islands and reefs are irregularly distributed. The climate of the western SCS is tropical and is influenced by the seasonal monsoonal cycle. The monsoonal winds are southwesterly in summer (June-September) and northeasterly in winter (November-March), with transitions in spring (April-May) and fall (October to early November). During the summer, surface circulation in the western SCS is characterized by a unique and strong eastward jet, namely the Southeast Vietnam Offshore Current (SVOC) [Fang et al., 2002; Hu et al., 2000] . This eastward jet leaves the coast between 10°N and 12°N and bifurcates in the vicinity of 113°E. The northern branch flows toward the center of the western SCS and forms a cyclonic eddy off the Vietnam coast, while the southern branch turns to the south and forms an anticyclonic eddy centered in the southern SCS. Thus, there exists a dipole mode circulation off the southeast Vietnam coast [Fang et al., 2002; Shaw et al., 1999] . Upwelling off Vietnam occurs during the summer when the southwest monsoon wind prevails, and it can be enhanced by the eastward jet [Dippner et al., 2007; Fang et al., 2002] .
Sampling
[6] The cruise in the western SCS was conducted from 15 August to 14 September 2007 onboard R/V Dongfanghong-II. It was divided into two legs (Table 1 and Figure 1b) , with the first leg (15-28 August) visiting stations to the north of 13.5°N and the second leg (1-14 September) occupying the area to the south of 13. 5°N and SEATS (115.96°E, 18 .03°N, a time series station in the SCS). Station TS1 in leg 1 was revisited in leg 2, when it was renamed Station 3YS4.
[7] During the cruise, large-volume (100 L) samples were pumped from ∼5 m below the surface into plastic cubitainers onboard. After the sample volume was recorded, the water was passed immediately through a column of MnO 2 -coated acrylic fiber (Mn fiber) to quantitatively remove Ra at a flow rate less than 1 L per minute. The surface temperature and salinity were measured using a YSI 6600 sonde (YSI Co.) . This set of data was well calibrated with a SBE-21 CTD unit (Sea-Bird Co.). [Giffin et al., 1963; Moore and Arnold, 1996] . To reduce the effect of 224 Ra on the measurement of 223 Ra, the samples were recounted for a longer time after 7-10 days. The expected error of 223 Ra measurements was 10% [Moore, 2008] .
[9] Although the RaDeCC system can provide the 223 Ra and 224 Ra data simultaneously after a sequence of runs, we failed to obtain the 224 Ra data due to a shortage of helium (the carrier gas) onboard during the survey for the last transect (transect Y3). When the samples were returned to the shore-based laboratory about 10 days later, 224 Ra had decayed too much to allow further analysis. [Moore, 1984] , whereas the 228 Ra activity was measured via the peaks of 228 Ac at 338.63, 911.07 and 968.90 keV [Elsinger et al., 1982; Moore, 1984] . The errors for the 228 Ra and 226 Ra measurements were 5-10%, including counting statistics and standard propagation of errors associated with the data reduction.
Results
Hydrography
[11] During the cruise, two well-developed cold eddies were identified from the sea surface height anomaly (SSHA). These two eddies (referred to as eddy I and eddy II hereafter) were centered at ∼112.5°E, 13.5°N and 111°E, 12°N (Figure 1a ). Altimetric history of these two cold-core cyclonic eddies suggested the intensification of eddy I from 14 August to 30 August and eddy II from 26 August to 12 September. Two stations were occupied inside the eddies (TS1 in eddy I and Y12 in eddy II; Figure 1b ) and sampled during the intensification phases (eddy I: 23 August; eddy II: 5 September; Figure 1a ).
[12] Figure 2 shows that sea surface temperature in the area covered varied from 27°C to >30°C and sea surface salinity varied from 31.3 to 34.3. Eddy I, with high salinity (>34) and low temperature (<28°C) at its center, clearly existed around 112°E, 14°N during leg 1 (Figures 2a and 2b) , consistent with satellite altimetry observations during the same time showing negative SSHA (Figure 1a) .
[13] A strong eastward jet characterized by low salinity (<32) and high temperature (>29°C) leaving the coast of Vietnam around 11°N was observed during leg 2 (Figures 2a  and 2b) . The low-salinity signal in this area can only be attributed to the input of fresh water from the northward Mekong River plume (J. Y. Hu et al., "The kinematics of a cold eddy in the southwestern South China Sea: An observational study," manuscript in preparation, 2010). Voss et al. [2006] have utilized the criterion of S < 33.2 to denote the Mekong River influenced area in the western SCS. Based on the same criterion, our data suggested that the Mekong River may have influenced about half of the western SCS during leg 2 (Figure 2a) .
[14] The eastward jet curled up around 112°E and formed a cyclonic eddy centered around 111°E, 12.5°N (eddy II) to the north of the jet, with high-salinity (>33.2) and lowtemperature (∼28.2°C) water at the center of the eddy (Figures 2a and 2b ). Compared to eddy I, the surface signatures of salinity and temperature in eddy II were less evident, which might be due to the Mekong River plume. Hu et al. (manuscript in preparation) suggest that due to surface heating and the Mekong River plume, the surface signatures of eddy II was not as evident as those below 25 m. Such a circulation pattern is again consistent with satellite altimetry observations ( Figure 1a ) and is also observed in previous studies [Fang et al., 2002; Shaw et al., 1999] , and thus may represent a perennial phenomenon.
[15] Along the southeast Vietnam coast, the elevated salinity (>33.5) suggested upwelling of the subsurface water. As mentioned earlier, coastal upwelling off southeast Vietnam is a typical feature during summer, which is very often enhanced by the eastward jet [Dippner et al., 2007; Fang et al., 2002] . Figure 2 ). During leg 1, the 223 Ra activity was almost undetectable (<0.1 dpm/100 L) except at Station YS11 and Station Y45, while the 228 Ra activity ranged from 12 ∼ 25 dpm/100 L with the lowest value around Station TS1 (Figures 2c, 2d , and 2e). We explain this feature by the addition of 228 Ra-depleted subsurface water at the center of eddy I.
[19] Ra-223 and Ra-228 measured during leg 2 were higher (>30 dpm/100 L) than those measured during leg 1 except at the center of eddy II and along the Vietnam Coast. The most salient feature during leg 2 was a tongue with high 223 Ra (>0.4 dpm/100 L), 228 Ra (>48 dpm/100 L) and 226 Ra (>10 dpm/100 L) extending eastward from the Vietnam coast along ∼11°N (Figures 2c, 2d, and 2e) . The presence of the highest 223 Ra and 228 Ra to the south of the western SCS reaffirmed that the Mekong River was the source of these freshened waters. Along the track of the jet described above, Ra, the 228 Ra activity decreased from >50 to <30 dpm/100 L along the jet track, mimicking the distribution of salinity (Figure 2d ). In contrast, the long-lived 226 Ra was more evenly distributed in the western SCS, except in the aforementioned regions with high activities (Figure 2e ). Previous studies show that the activity of 228 Ra is much higher than that of 226 Ra in estuarine waters due to more pronounced release of 228 Ra from estuarine sediments Moore, 1981; Moore et al., 1986] 228 Ra activities were also low (averaging 16.8 ± 1.2 dpm/100 L) compared to other sites occupied during leg 2. In view of the location of these sites, coastal upwelling off the southeast Vietnam, which is a typical phenomenon in summer, may be responsible for the observed low activities. Compared to those around the center of eddy I (Station Y74, Station Y75 and Station TS1, 14-16 dpm/100 L) and the aforementioned upwelling regime, 228 Ra activities at the center of eddy II were substantially higher (20-25 dpm/100 L). We relate this to the encirclement of the Mekong River plume around the edge of eddy II (Hu et al., manuscript in preparation) .
[21] Our 228 Ra and 226 Ra activities measured during leg 1 compared favorably with those reported previously for adjacent locations in winter ( 228 Ra: 14.9-18.4 dpm/100 L; 226 Ra: 7.0-8.7 dpm/100 L) [Nozaki and Yamamoto, 2001] . Also, the 228 Ra activities measured during leg 2 were comparable with the values in the Nansha Archipelago (i.e., to the south of the eastward jet) in the same season (>30 dpm/100 L) [Huang et al., 1996] . However, in November, the activities of 228 Ra in the Nansha Archipelago dropped to 19.6 dpm/100 L [Cai et al., 2002] , similar to our results during leg 1. In summer, the eastward jet bifurcates in the vicinity of 113°E with the southern branch turning to the south [Fang et al., 2002; Shaw et al., 1999] , which might result in higher 228 Ra activities in the Nansha Archipelago during this period.
[22] During leg 1, the 228 Ra/ 226 Ra ARs were lowest (1.4-2.3) at the center of eddy I and averaged 2.6 ± 0.3 for the rest of the sites (Figure 2f ). In contrast, the 228 Ra/ 226 Ra ARs obtained in leg 2 were substantially higher (>3), with the lowest ratios (<2.6) confined to the coastal upwelling area. Along the pathways of the jet, the 228 Ra/ 226 Ra ARs were 3.4-5.3, which stood out from the study area and certainly represented water from the Mekong estuary (Figure 2f ).
Radium Isotope Versus Salinity Diagrams
[23] In lieu of T-S diagrams, the 228 Ra activities and 228 Ra/ 226 Ra ARs were plotted versus salinity to identify water masses in the western SCS (Figures 4a and 4c) . The 223 Ra and 226 Ra activities were also plotted versus salinity for further reference (Figures 4b and 4d) . Based on these plots, the surface seawater in the study area may be roughly divided into six water masses, two for leg 1 and four for leg 2 (Which are also indicated in Figure 1b by the same colored symbols as in Figure 4 ). The former two were set out at the high-salinity end (>33.5) with low 228 Ra/ 226 Ra ARs (<3) in Figure 4c while the latter four lay at the opposite end except the coastal upwelling water (CUW). During leg 1, the surface water, apart from eddy I, was not affected by the freshened water and had that the surface water at the center of eddy I was a mixture of the ambient surface water and the subsurface water.
[24] Characterizing the surface water during leg 2 was more complicated. Although it was relatively easy to identify the Mekong estuarine water (S < 32), the water can only be taken as a pseudo-end-member for river water. The other water masses were Mekong River plume water (MRPW), eddy II center water (ECW) and coastal upwelling water (CUW) (Figure 4) . The criterion of S < 33.2 and higher 228 Ra/ 226 Ra ARs (>3) was used to denote the MRPW. It would be difficult to distinguish between ECW and CUW based on temperature-salinity or silica-salinity relationships (M. Dai, unpublished data, 2007) . However, this can be done more easily using the 228 Ra and 228 Ra/ 226 Ra AR versus salinity diagrams. Unlike the water at the center of eddy I, the ECW was located between the ambient surface water (leg 1) and the MRPW in the diagram (Figure 4c) , implying that the latter was swirled into the former and entrained in the eddy. In comparison with the ECW, the CUW was closer to the subsurface water (Figure 4c ), suggesting more subsurface water input from coastal upwelling. Thus, higher 228 Ra activities and 228 Ra/ 226 Ra ARs appeared in the ECW, Figure 4 . Diagrams of (a) 228 Ra (dpm/100 L), (b) 226 Ra (dpm/100 L), (c) 228 Ra/ 226 Ra, and (d) 223 Ra (dpm/100 L) versus salinity in the surface water of the western South China Sea. The water was categorized into six groups: eddy I center water (blue dots), surface ocean water (dark cyan dots), coastal upwelling water (green dots), eddy II center water (dark red dots), Mekong River plume water (pink dots), and Mekong estuarine water (red dots). The blue star represents subsurface water at the center of eddy I. making a fine distinction between ECW and CUW. It should be noted that, although the water at Station Y20a was categorized as the CUW, it was somewhat distant from the CUW at other sites but closer to the MRPW in Figure 4a , which suggested that it might be affected by the Mekong River plume or by diffusion of the coastal water for it was inshore of other stations.
Discussion
Revealing the Mekong River Plume Component
[25] The rather high 228 Ra activities and 228 Ra/ 226 Ra ARs in the western SCS and hence steep gradients of these values clearly showed the influence of the Mekong River plume on the study area. Assuming conservation of salt and the longer-lived radium isotopes ( 228 Ra and 226 Ra) and using the two-end-member mixing model of Moore et al. [1986] and Moore and Todd [1993] , the contribution of the Mekong estuary water to the surface water in the western SCS can be estimated by solving the following equations:
where f means the fraction (out of 1), S is salinity, 228 Ra and 226 Ra are activities of the indicated Ra isotopes, AR is the 228 Ra/ 226 Ra activity ratio, and the subscripts oc, es, obs, E and P represent the oceanic end-member, the estuarine end-member, the observed values, evaporation and precipitation, respectively. Here, salinity was used to correct for evaporation/precipitation. Although we can solve the twoend-member mixing model with the 226 Ra or the 228 Ra distribution alone, it is better to choose the 228 Ra/ 226 Ra activity ratio not only for better quality of the activity ratio (determined from one gamma spectrum), but also to reduce the effect of biological utilization of a single isotope on the calculation.
[26] From the above equations, f es and f oc can be solved as follows:
[27] In applying the model, there are two underlying assumptions. One is that salinity and the activities of Ra isotopes in the two end-members do not change over the time period of interest; the other is that there is no addition or loss of Ra isotopes except by horizontal mixing [Moore et al., 1986; Moore and Todd, 1993] . In our study, the second assumption was obviously not applicable to the coastal upwelling regime due to the input from the subsurface water. Thus, the estuarine fraction was estimated only for the stations covered by the MRPW as defined by the radium isotope versus salinity diagrams. The following end-member values were used in the calculation: [28] Here, the values at Station Y31 were taken to represent the estuarine end-member because of the lowestsalinity and the highest 228 Ra and 223 Ra activities, while the average values for section Y7 during leg 1 were used as the oceanic end-member. However, the values at Station Y74 and Station Y75 were excluded because they were probably influenced by the subsurface water.
[29] The calculated values for f es in the western SCS are listed in Table 2 and Figure 5 . To the east of 112°N, the f es values decreased with distance offshore and were less than 50% except at Station Y16 and Station Y98. In contrast, the f es values varied from 40% to 140% to the west of 112°N without any obvious trend, probably suggesting more complicated oceanic conditions in that region. Small-scale irregularity in convergence/divergence associated with an eddy or upwelling might add or subtract Ra isotopes from the system and affect the model calculation. To cancel out these possible effects we took all stations, except the upwelling regime and those affected by eddy II during leg 2, as a whole and calculated an overall f es value of 0.53 based on the same end-member values. It should be noted that any results derived from a model are no better than the assumptions made. In this case, we were not able to test the assumption that the estuarine component remained constant over the time period of interest. Nor could we fully justify our use of the pseudo estuarine end-member. Previous studies show that the calculation of the f es value is very sensitive to the assignment of end-member values [Moore et al., 1986] . We performed a sensitivity analysis of the f es by varying salinity and Ra activities for the estuarine endmember ( Figure 6) Ra-salinity relationship shown in Figure 4d , with the highest 223 Ra activity corresponding to the lowest salinity near the Mekong River estuary, unequivocally points to the dispersal of the river water offshore. After this plume water enters the western SCS, it floats at the surface and is carried farther away from the estuarine water and sediment-water interface, i.e., the sources of 223 Ra. Thus, the decrease of 223 Ra in these waters may be used to estimate the apparent age of the Mekong River plume with reference to its end-member water along its transport pathway. This method was proven to be applicable to the study of the Mississippi plume [Moore and Krest, 2004] Figure 5) . A significant uncertainty in the 223 Ra-derived ages is the determination of f es , and therefore the negative water ages might be related to the unusually high f es . Additionally, the initial 223 Ra activities might vary temporally in the estuary due to the difference in sediment interaction and groundwater input [Moore, 2000a] , which could also affect the estimate of 223 Ra-derived ages. Using f es = 0.53, 223 Ra es = 0.74 dpm/ 100 L (Station Y31) and 223 Ra obs = 0.167 dpm/100 L (i.e., the average of all stations except the upwelling regime during leg 2), the calculated age was ∼14 days. This represented an Ra, Moore and Todd [1993] calculate an age of less than 10 days for freshened water in the Caribbean Sea and, using ex 224 Ra/ 223 Ra, Moore and Krest [2004] obtain an age of <14 days for most of the Mississippi plume water. Considering the long distance from Station Y31 to the Mekong estuary (∼10°N, 107°E), the age of the Mekong plume in the western SCS is probably too old for 224 Ra to be a suitable tracer in this case.
Transit Time of the Mekong Plume Water
[33] During the cruise, Station TS1 was occupied twice, first on 23 August (leg 1) and then on 1 September (leg 2). Indeed, during this 9 day time span, large changes were observed at this site, with the 228 Ra activity increasing from 15 to 48.2 dpm/100 L, the Ra AR from 1.5 to 4.5. Meanwhile, salinity decreased from 34.06 to 32.63 (Table 1) . Therefore, these changes strongly suggest an increased input of fresh water from leg 1 to leg 2. Since Station TS1 is located in the center of the western SCS, the Mekong River water carried by the SVOC was the only possible explanation for these low-salinity and high radium isotope signals. This scenario is analogous to what was observed in the western Atlantic where the signal of the Amazon River's water could be traced even to a distance 1500 km from the river's mouth [Moore et al., 1986] . The SVOC current system may transport at a velocity of 50-120 cm/s according to Fang et al. [2002] . Using the lower end of the current velocity, it would take ∼2 weeks to travel ∼700 km, approximately the distance from the Mekong River's mouth to Station TS1. This estimate was consistent with the Mekong plume age derived from 223 Ra.
[34] Although we do not have time series data of Ra isotopes in the eddy, surface salinity at TS1 remained high from 22 August to 27 August without any indication of freshwater input during this period (M. Dai, unpublished data, 2007) . Based on the daily discharge record at Kratie (the lower reaches of the Mekong River), 3 August marked the beginning of the 2007 flood season of this river [MRC, 2008] and the first peak discharge happened on 18 August (Figure 7 ). It is interesting to note that the interval between these dates and the time when Station TS1 was revisited (27 August to 1 September) again supports the view that it may take 2-4 weeks for Mekong River water to reach Station TS1.
Conclusion
[35] Isotopes of Ra constitute a unique set of tracers for studying river plumes and the associated water circulation and biogeochemical processes. Their utility as built-in time elements for water in the plume cannot be readily replaced by other means.
[36] During August-September 2007, a jet of water with high radium activities and high 228 Ra/ 226 Ra ARs extended eastward from the Vietnam coast along ∼11°N, curling up in the vicinity of 112°E and swirling counterclockwise to form a cyclonic eddy to the north of the western SCS. In contrast, lower levels of 228 Ra and 228 Ra/ 226 Ra were observed in the coastal upwelling and at the center of cold eddies. The observed distribution of Ra isotopes was consistent with the general circulation pattern of surface water in the western SCS in summer.
[37] The source of the observed high radium activities was no doubt the Mekong River plume. Using a simple two-end-member mixing model based on the 228 Ra/ 226 Ra AR and salinity, we estimated that approximately 53% of the surface water in the western SCS originated from the Mekong River plume in summer. The apparent age derived from 223 Ra revealed that more than 2 weeks were required to transport the freshened water several hundred kilometers from the Mekong River mouth into the western SCS. These estimates entailed the use of a pseudo estuarine end-member (Station Y31) due to difficulties in taking samples in the estuarine mixing zone. Despite the fact that the Mekong estuary was not studied in this work, our data strongly demonstrated the applicability of Ra isotopes in studying water mixing processes after the Mekong River plume left the river mouth. Although they may lead to uncertainties of 10-40% or even more in the calculation of f es , these estimates still reveal a strong signature of the Mekong River plume in the western SCS.
[38] Besides supplying radium isotopes, the river plume may provide nutrients and other materials, thus affecting the biogeochemistry (such as nitrogen fixation) in its estuary and beyond. Further effort is certainly warranted to explore the utility of multiple Ra isotopes in studying the oceanic circulation and mixing of riverine water and the associated chemical dynamics.
